A spin-on-glass (SOG) film, which can serve as a perpendicular orientation control layer for direct self-assembly (DSA) using a block copolymer (BCP) was developed. A lamellar pattern and a cylindrical pattern made of polystyrene polymethylmethacrylate diblock copolymer (PS-b-PMMA) were oriented perpendicularly on the SOG film. The SOG film also can be applied to the upper layer of tri-resist process. It was also found that contact angles of water could not be used as indices of surface energies quantitatively in the case of the SOG films.
Introduction
Direct self-assembly (DSA) of a block copolymer (BCP) has been a focus of much attention because ten-nanometer-scale periodic patterns can be obtained at low cost by coating and anneal processes.
An orientation control layer, which has almost the same affinities with the polymers consisting of a BCP, is necessary in order to apply DSA of a BCP to semiconductor device fabrication. A contact hole (C/H) pattern can be formed from cylindrical morphology and a line and space (L&S) pattern can be formed from lamellar morphology on an orientation control layer by microphase separation of a BCP. Many types of orientation control layers have been developed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Some of these orientation control layers are thin organic films. Pattern transfer layers are necessary in etch processes with the organic orientation control layers when a BCP pattern used as an etch mask is organic. If the orientation control layer is inorganic and has sufficient thickness, the pattern transfer layer and the orientation control layer can be merged.
It is also necessary to fix the domains of polymers at a desired position in order to apply a BCP microphase-separated pattern to semiconductor patterning. Guide patterns are necessary to be formed by top-down lithography. In view of the cost, optical lithography is preferable to form guide patterns [11] . But in the case of optical lithography, anti-reflective coating is necessary to avoid aerial image degradation.
Tri-layer resist processes, in which a Si-containing film and a carbon (C) film are stacked under a resist film, are often used to avoid reflection at the bottom of the resist film and to transfer a resist pattern to a to-be-processed film [12, 13] .
If the merged orientation control layer has an To-be-processed Film appropriate optical constant, the orientation control layer can be used as the upper layer of anti-reflective coating in tri-resist process of optical lithography. Figure 1 shows a target structure of a BCP lamellar pattern for a L&S pattern after microphase separation in the case of a chemical guide.
Suh et al. reported the organosilicate neutralization layer which can serve as a pattern transfer layer [10] . They didn't discuss about the possibility of the organosilicate as a part of anti-reflective coating.
We developed an SOG film for the orientation control layer, which also serves as an anti-reflective coating and a pattern transfer layer.
Experimental
SOGs were synthesized by the sol-gel method reported previously [14] from methyltrimethoxysilane (CH 3 Si(OCH 3 ) 3 , MTMS) and tetraethoxysilane (Si(OC 2 H 5 ) 4 , TEOS). The chemicals used in the synthesis were commercially available and purchased from Shinetsu Chemical Co. Ltd., Wako Pure Chemical Industries, Ltd., and Kanto Chemical Co. Inc. The SOG was spin-coated on a silicon wafer and baked at 100˚C for 5 minutes in order to remove solvents. Then, the SOG-coated Si wafer was baked at 290°C for 1 hour in air.
Polymer brushes were formed as follows. Monohydroxyl terminated polystyrene (PS), shown in Fig.  2 (a), and α-hydroxy-ω-tetramethylpiperidinyloxy (TEMPO) moiety terminated polystyrene polymethylmethacrylate random copolymer (PS-r-PMMA), shown in Fig. 2 (b), were mixed to change molar fractions of styrene in PS-r-PMMA polymer brushes. The number average of molecular weight (M n ) of monohydroxyl terminated PS was 3.7 kg/mol. The M n of α-hydroxy-ω-TEMPO moiety terminated PS-r-PMMA was 3.5 kg/mol and its styrene content was 48.3 mol%. They were purchased from Polymer Source Inc. The mixture of the polymers was dissolved by propyleneglycolmethyletheracetate. The solution was spin-coated on a Si substrate. The polymer-coated Si wafer was annealed at 175 ˚C for 48 hours in a forming gas(3% H 2 in N 2 ). Unattached polymers were removed by toluene.
Polystyrene polymethylmethacrylate diblock copolymer (PS-b-PMMA) was spin-coated on the SOG films and the polymer brushes. The M n of PS-b-PMMA for lamellar morphology was 86.4 kg/mol (PS: 46.9 kg/mol, PMMA 39.5 kg/mol). The M n of PS-b-PMMA for cylindrical morphology was 44.5 kg/mol (PS: 30.4 kg/mol, PMMA 13.1 kg/mol). PS-b-PMMA was purchased from Polymer Source Inc. The BCP film was annealed at 215°C for 24 hours in a forming gas.
The microphase-separated pattern was observed by atomic force microscopy (AFM) in phase mode.
In the pattern transfer experiments, a 40-nm BCP film, a 130-nm SOG film, and a 300-nm spin-on C film were stacked from top to bottom on a silicon substrate. Spin-on C was commercially available and purchased.
PMMA was removed by O 2 reactive-ion etching (RIE). SOG was etched by fluorocarbon RIE. The gas was a mixture of CF 4 and CHF 3 gases. C was etched by O 2 RIE. The profiles of the etched patterns were observed by scanning electron microscopy (SEM) with the tilted angle of 45°.
The optical constant of the synthesized SOG was measured by a spectroscopic ellipsometer. The reflectivity was calculated by in-house software. The calculation conditions were as follows. The structure from top to bottom was water, a resist film, an SOG film, a C film, and a Si substrate. The film thickness of the resist film was fixed at 100 nm and that of the C film was fixed at 300 nm. The wavelength of the exposure light was 193 nm. The illumination was a dipole illumination. The shapes of the openings were circular and the radii of the openings were 0.1 for an NA of 1.35. The center positions of the openings in the dipole illumination were 0.715 to satisfy the optimized condition for a 100 nm-pitch L&S pattern.
Static contact angles were measured with deionized water. Figure 3 shows the AFM phase image of the BCP after microphase separation on the SOG film. The PS fraction of PS-b-PMMA was selected for lamellar morphology. The bright area was PMMA and the dark area was PS. The period of the BCP pattern was 51 nm, which corresponded to the value calculated from the molecular weight of the BCP [15] . Therefore, a lamellar pattern was oriented perpendicularly to the SOG surface in 51 nm period. Figure 4 shows the cross-sectional SEM image of the BCP pattern after removal of PMMA by O 2 RIE. A periodic L&S pattern was observed on the SOG film. There was no internal structure between the PS lines. PS and PMMA were oriented perpendicularly from top to bottom. It was confirmed that the SOG film served as an orientation control layer.
A cylindrical pattern can also be oriented perpendicular to the SOG film. Figure 5 shows AFM phase image of a BCP after microphase separation on the SOG film. Figure 6 shows the cross-sectional SEM image of the BCP pattern after removal of PMMA by O 2 RIE. A C/H pattern in 26 nm period was obtained.
Suh et al. reported an organosilicate neutralization layer synthesized from MTMS and 1,2-bis(trimethoxysilyl)ethane for BCP orientation control [10] . Our work shows that the organosilicates which can be orientation control layers are not limited by the material used by Suh et al. In order to use the SOG film as the upper layer of anti-reflective coatings, the reflection should be suppressed during the resist exposure. The optical constant of the synthesized SOG was measured at 193-nm wavelength. The refractive index of the SOG was 1.500 and extinction coefficient was 0.00586. Figure 7 shows the calculated reflectivity dependence on the thickness of the SOG film under the condition that the thicknesses of the resist and the C film were fixed. It was assumed that 100 nm-pitch L&S resist pattern was formed by argon fluoride (ArF) immersion lithography. The detailed calculation conditions are described in the experimental section. The minimum reflectivity was 0.3% at 65-nm thickness and the maximum reflectivity was 3.6%. The reflection was found to be suppressed by the anti-reflective coatings.
In terms of the pattern transfer ability of the SOG film, the etch rates of PS, SOG, and C films were measured. The selectivity of SOG to PS was 1.9 by fluorocarbon RIE. The selectivity of C to SOG was almost infinite by O 2 RIE. Therefore, with regard to selectivity, the SOG can be used as the pattern transfer layer of a tri-layer resist process.
The PS pattern after PMMA removal was transferred to the SOG film and the C film.. Figure 8 (a) shows the cross-sectional SEM image of the SOG pattern after SOG etch with the PS pattern mask formed by BCP microphase separation by fluorocarbon RIE. Although the PS was lost completely, it was found that the PS BCP pattern was transferred to the SOG film. The height of the SOG pattern was about 70 nm. But the height deviation of the SOG pattern was large because of the loss of the PS mask. Figure 8 (b) shows the cross-sectional SEM image of the C pattern after the C etch with the SOG pattern mask by O 2 RIE. It was found that the C pattern was resolved to the bottom. The SOG pattern can be an etch mask for 300-nm C etch.
The C pattern in Fig. 8 (b) was not good. The C pattern collapsed or bent partially. The reason is thought to be the high aspect ratio of the C pattern. The material development of C film with high mechanical strength or process improvements for low aspect ratio are necessary.
It was also found that the SOG pattern remained on the C pattern like a cap, of which height loss after C etch was small. Therefore, the thickness of the initial SOG film can be set thin. If the thickness of the SOG film is thin, a PS mask remains after SOG etch. As a result, better profile of the C pattern than that in Fig. 8 (b) can be expected because of the suppressed thickness deviation of the SOG mask.
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It is expected that the SOG film can play three roles in one film, namely, as an orientation control layer, an upper layer of an anti-reflective coating, and a pattern transfer layer.
Difference in Contact Angle Conditions between SOGs and Polymer Brushes
In order to obtain the perpendicularly-oriented lamellar pattern, the surface energy of a substrate should be adjusted so that the interfacial energies between the substrate and the polymers contained in the BCP are almost the same. The surface energy of a substrate was roughly evaluated by a contact angle of water at first. Surface tensions are the surface free energies per unit area. The surface free energy after adhesion of water to a substrate (γ substrate-water ) is related to the surface free energy of the substrate (γ substrate ), that of water (γ water ), and the work of adhesion (W) through the Dupré equation.
γ substrate-water = γ substrate + γ water -W (1) The work of adhesion is thought to be the surface free energy stabilized by the adhesion of water to the substrate, namely the affinity of the substrate to water. The work of adhesion is given by W = γ water (1 + cosθ) (2) where θ is a contact angle of water on the substrate.
A contact angle of water on the substrate shows the affinity of the substrate to water. In another word, contact angles of water are thought to be indices of surface energies in reference to water. The contact angle of water on PS was 89° and that on PMMA was 73°. Therefore, the target contact angle of the orientation control layer was thought to be around 81°.
The estimation using contact angles of water works in the case of polymer brushes. The contact angle of water decreased when the molar fraction of styrene decreased. Figure 9 shows the AFM images of the PS-b-PMMA lamellar patterns on the PS-r-PMMA polymer brushes after microphase separation as a function of contact angles. The contact angles of water were 88˚ (a), 85˚ (b), 81˚(c), 79˚ (d), and 77˚ (e), respectively. Perpendicular lamellar patterns were observed from 79˚ to 85° (Figs. 9 (b)-(d) ). The range from 79˚ to 85˚ was the optimum condition to control the orientation of the BCP lamellar pattern. When the contact angle deviated from the optimum condition, the area of the perpendicular lamellar pattern shrank and that of the layered structure, in which no periodic pattern was observed, expanded.
When the feed ratio of TEOS increased in SOG synthesis, the hydrophobic methyl groups decreased in the SOG film because TEOS contains no methyl groups remaining after the polymerization. As a result, the contact angle of water decreased. The contact angles of water showed the tendency of the surface energy change 
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in the SOG films. However, the contact angles of water could not be used as the indices of the surface energies quantitatively in the case of the SOG films. Figure 10 shows the AFM images of the PS-b-PMMA lamellar patterns on the SOG films after microphase separation as a function of contact angles. The contact angles of water were 96˚ (a), 92˚ (b), 90˚(c), 85˚, and 74˚ (d), respectively. The perpendicularly-oriented lamellar pattern was obtained at 96º in the case of the SOG film. As the contact angle decreased, the area of perpendicular lamellar pattern shrank and that of layered structure expanded. Finally, only holes were observed in the smooth surface made of PS and PMMA layers. The depth of the holes was about one period of the BCP pattern. Therefore, there was a significant difference between the SOG films and the polymer brushes in terms of the optimized contact angles of water.
The difference is thought to be attributable to the interaction between the polymer chains of the BCP and the surfaces of the orientation control layers. In the case of the polymer brush, there are polymer chains on the surface of the polymer brush. The substrate is shielded by the polymer brush because the thickness of the polymer brush is sufficient. The BCP interacts with the polymer brush by entanglement of the polymer chains between the BCP and the polymer brush. The degree of the interaction depends on the similarity of the surface energies between the BCP and the polymer brush. On the other hand, in the case of the SOG film, there are methyl groups, hydroxyl groups, remained methoxy groups and Si-O networks on the surface of the SOG film. The hydrophilicity of those groups affects the affinity of the polymer chains in BCP to the SOG surface. The entanglement of the polymer chains between the BCP and those groups is not expected. Therefore, the interaction of the BCP with the SOG is different from that with polymer brushes.
Conclusions
An SOG film was developed that can be expected to serve as an orientation control layer for BCP direct self-assembly, an upper layer of an anti-reflective coating and a pattern transfer layer in tri-layer resist process. It was also found that the surface energy control of the SOG films was different from that of polymer brushes.
